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(57) Techniques are described for overdrive pacing 
the heart 12 using a pacemaker 10 wherein the over- 
drive pacing rate only increases when at least two in- 
trinsic beats are detected within a determined search 
period. In one specific technique, an increase in the pac- 
ing rate occurs only if two P-waves are detected within 
X cardiac cycles. In another specific technique, the over- 
drive pacing rate is increased only if at least two P- 
waves are detected within a block of N cardiac cycles. 
In both techniques, the overdrive pacing rate is de- 
creased if no increase has occurred in the last Z cardiac 
cycles. By increasing the overdrive pacing rate only in 
response to detection of at least two P-waves within a 
determined number of cardiac cycles, an excessively 
high overdrive pacing rate is avoided. Other techniques 
are described for adaptively adjusting overdrive pacing 
parameters so as to achieve a determined target degree 
of pacing of, for example, 95% paced beats. By adap- 
tively adjusting overdrive parameters to maintain a tar- 
get degree of pacing, the average overdrive pacing rate 
is minimised while still maintaining a high number of 
paced beats, thereby reducing the risk of a tachyarrhyth- 
mia occurring within the patient. 
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Description 

[0001 ] The invention generally relates to implantable 
cardiac stimulation devices such as pacemakers, and 
in particular, to techniques for overdrive pacing heart tis- 
sue to prevent or terminate dysrhythmia: 
[0002] A dysrhythmia is an abnormal heart beat pat- 
tern. One example of a dysrhythmia is a bradycardia 
wherein the heart beats at an abnormally slow rate or 
wherein significant pauses occur between consecutive 
beats. Other examples of dysrhythmias include tachyar- 
rhythmias wherein the heart beats at an abnormally fast 
rate. With atrial tachycardia, the atria of the heart beat 
abnormally fast. With ventricular tachycardia, the ven- 
tricles of the heart beat abnormally fast. Though often 
unpleasant for the patient, a tachycardia is typically not 
fatal. However, some tachycardias, particularly ven- 
tricular tachycardia, can trigger ventricular fibrillation 
wherein the heart beats chaotically such that there is 
little or no net flow of blood from the heart to the brain 
and other organs. Ventricular tachycardia, if not termi- 
nated, is fatal. Hence, it is highly desirable to prevent or 
terminate dysrhythmias, particularly ventricular tachy- 
cardias. 

[0003] One technique for preventing or terminating 
dysrhythmias is to overdrive pace the heart wherein an 
implantable cardiac stimulation device, such as a pace- 
maker or implantable cardioverter defibrillator (ICD), ap- 
plies electrical pacing pulses to the heart at a rate some- 
what faster than the intrinsic heart rate of the patient. 
For bradycardia, the cardiac stimulation device may be 
programmed to artificially pace the heart at a rate of 60 
to 80 pulses per minute (ppm) to thereby prevent the 
heart from beating too slow and to eliminate any long 
pauses between heart beats. To prevent tachyarrhyth- 
mias from occurring, the cardiac stimulation device ar- 
tificially paces the heart at a rate of at least five to ten 
pulses per minute faster than the intrinsic tachyarrhyth- 
mia heart rate of the patient. In other words, a slight ar- 
tificial tachycardia is induced and maintained in an effort 
to prevent an actual tachycardia from arising. If an actual 
tachycardia occurs, such as a supraventricular tachy- 
cardia (SVT) wherein the heart may begin beating sud- 
denly at 1 50 beats per minute or more, the cardiac stim- 
ulation device senses tachycardia and immediately be- 
gins pacing at a rate of at least five to ten pulses per 
minute (ppm) faster than the tachycardia and then slow- 
ly decreases the pacing rate in an effort to slowly reduce 
the heart rate back to a normal resting rate, thereby ter- 
minating the tachycardia. 

[0004] It is believed that overdrive pacing is effective 
for at least some patients for preventing or terminating 
the onset of an actual tachycardia for the following rea- 
sons. A normal, healthy heartbeats only in response to 
electrical pulses generated from a portion of the heart 
referred to as the sinus node. The sinus node pulses 
are conducted to the various atria and ventricles of the 
heart via certain, normal conduction pathways. In some 



patients, however, additional portions of the heart also 
generate electrical pulsesVeferred to as "ectopic" puls- 
es. Each pulse, whether a sinus node pulse or an ec- 
topic pulse has a refractory period subsequent thereto 

5 during which time the heart tissue is not responsive to 
any electrical pulses. A combination of sinus pulses and 
ectopic pulses can result in a dispersion of the refractory 
periods which, in turn, can trigger a tachycardia. By 
overdrive pacing the heart at a uniform rate, the likeli- 

10 hood of the occurrence of ectopic pulses is reduced and 
the refractory periods within the heart tissue are ren- 
dered uniform and periodic. Thus, the dispersion of re- 
fractory periods is reduced and tachycardias triggered 
thereby are substantially avoided. If a tachycardia nev- 

15 ertheless occurs, overdrive pacing at a rate faster than 
a tachycardia helps to eliminate ectopic pulses and re- 
duce refractory period dispersion, and thereby helps to 
terminate the tachycardia. 

[0005] Thus, it is desirable. within patients prone to 

20 tachyarrhythmias to ensure that most beats of the heart 
are paced beats, as any unpaced beats may be ectopic 
beats. A high percentage of paced beats can be 
achieved simply by establishing a high overdrive pacing 
rate. However, a high overdrive pacing rate has disad- 

25 vantages as well. For example, a high overdrive pacing 
rate may be unpleasant to the patient, particularly if the 
artificially-induced heart rate is relatively high in com- 
parison with the heart rate that would otherwise normally 
occur A high heart rate may also cause possible dam- 

30 age to- the heart or may possibly, trigger more serious 
dysrhythmias, such as a ventricular fibrillation. 
[0006] A high overdrive pacing rate may be especially 
problematic in patients suffering from heart failure, par- 
ticularly if the heart failure is due to an impaired diastolic 

35 function. A high overdrive pacing rate may actually ex- 
acerbate heart failure in these patients. Also, a high 
overdrive pacing rate may be a problem in patients with 
coronary artery disease because increasing the heart 
rate decreases diastolic time and decreases perfusion, 

40 thus intensifying ischemia. Also, the need to apply over- 
drive pacing pulses operates to deplete the implantable 
cardiac stimulation device's power supply, perhaps re- 
quiring frequent surgical replacement of the power sup- 
ply. Typically, the power supply is located within the im- 

45 piantable cardiac stimulation device and thus this re- 
quires surgical replacement of the cardiac stimulation 
device. 

[0007] Problems associated with overdrive pacing are 
particular severe for certain aggressive overdrive tech- 

so niques which trigger an increase in the pacing rate 
based upon detection of a single intrinsic heart beat. 
With such techniques, a significant increase in the pac- 
ing rate is triggered by detection of a single intrinsic 
heart beat so as to promptly respond to the occurrence 

55 . of a high rate tachycardia, such as an SVT. As a result, 
even in circumstances where a high rate tachycardia 
has not occurred, the detection of a single intrinsic heart 
beat can cause a significant increase in the overdrive 
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pacing rate, which may be reduced only gradually. If a 
second intrinsic heart beat is detected before the over- 
drive pacing rate has been gradually lowered to a stand- 
ard overdrive pacing rate, a still further increase in the 
pacing rate occurs. As can be appreciated, the forego- 
ing can cause the overdrive pacing rate to increase sig- 
nificantly, perhaps to 150 ppm or more, even though a 
high rate tachycardia has not occurred. 
[0008] Hence, it would be desirable to provide tech- 
niques for overdrive pacing which reduce the average 
overdrive pacing rate, yet still attain a sufficiently high 
rate to significantly reduce the likelihood of a dysrhyth- 
mia within the patient or to terminate a dysrhythmia if 
one nevertheless occurs. In particular, it would be highly 
desirable to provide overdrive pacing techniques which 
permit a certain percentage of paced beats (such as 
90% or 95%) to be sustained by the cardiac stimulation 
device so as to enable the overdrive pacing rate to be 
minimized while still ensuring that most beats of the 
heart are paced beats. It is to these ends that aspects 
of the present invention are primarily directed. 
[0009] In accordance with a first aspect of invention, 
a method is provided for overdrive pacing a heart using 
an implantable cardiac stimulation device wherein an in- 
crease in an overdrive pacing rate is performed only in 
response to detection of at least two intrinsic beats with- 
in a predetermined search period. Initially, an overdrive 
pacing rate is determined and the heart is paced at the 
overdrive pacing rate. Intrinsic heart beats arising during 
overdrive pacing are detected. If at least two intrinsic 
heart beats are detected within a first predetermined 
search period, then the overdrive pacing rate is in- 
creased by a predetermined rate increment. If at least 
two intrinsic heart beats are not detected within a sec- 
ond predetermined search period, the overdrive pacing 
rate is decreased by a predetermined rate of decre- 
ments. By increasing the overdrive pacing rate only in 
response to the detection of at least two intrinsic heart 
beats within the first predetermined search period, an 
excessively high heart rate is avoided as might other- 
wise occur if an overdrive pacing rate increase were 
based upon detection of only a single intrinsic heart 
beat. 

[0010] In an exemplary embodiment, the first prede- 
termined search period extends for X number of cardiac 
cycles following detection of a first intrinsic beat wherein 
X is in the range of eight to forty cycles. The second 
predetermined search period Z is also within the range 
of eight to forty cardiac cycles. If, after detection of a first 
intrinsic heart beat, a second heart beat is detected with- 
in X cardiac cycles, then the overdrive pacing rate is in- 
creased by Y ppm wherein Y is five, ten, fifteen, twenty 
or twenty-five. If Z cardiac cycles occur without a rate 
increase, then the rate is decremented by an amount W 
ppm per cardiac cycle wherein W is one, two, three, four 
or five. 

[0011] In a second exemplary embodiment, the first 
predetermined search period is N consecutive cardiac 



cycles, wherein N is, for example, ten. Thus, if there are 
at least two intrinsic heart beats within a set of N con- 
secutive cardiac cycles, the overdrive pacing rate is in- 
creased. Otherwise, the overdrive pacing rate is de- 
5 creased. With the second embodiment, it is easy to pro- 
gram a minimum percentage of paced beats. For exam- 
ple, to attain at least a minimum of 90% paced beats, N 
is set at ten. If fewer than 90% of the beats are paced 
beats (i.e., at least two beats out of every ten beats are 
io intrinsic beats) the overdrive pacing rate is increased; 
otherwise it is decreased. This provides a feedback loop 
which maintains the pacing rate at a rate sufficient to 
provide about 90% paced beats on the average. 
[0012] In still other embodiments, the cardiac stimu- 
15 (ation device may periodically suspend overdrive pacing 
to permit a detection of three consecutive intrinsic heart 
beats.. The Intrinsic heart rate is calculated based upon 
those three heart beats and overdrive pacing resumes 
at a rate corresponding to the intrinsic heart rate. In an- 
20 other embodiment, the cardiac stimulation device peri- 
odically determines the intrinsic atrial rates and com- 
pares the atrial rate with the current overdrive pacing 
rate. If the difference between the atrial rate and the 
overdrive pacing rate exceeds a predetermined thresh- 
es old amount, the cardiac stimulation device adjusts the 
overdrive pacing rate to equal the atrial rate. Otherwise, 
the cardiac stimulation device continues to pace at the 
current overdrive pacing rate. 

[0013] In accordance with a second aspect of the in- 

30 vention, a method is provided for adaptively varying m 
overdrive pacing characteristics so as to achieve a pre- 
determined degree of pacing. Overdrive pacing pulses 
are applied to the heart in accordance with prog rammed 
values specifying overdrive pacing characteristics. An 

35 actual degree of pacing resulting from the overdrive pac- 
ing pulses is determined. The programmed values are 
then varied based upon the degree of pacing resulting 
from the overdrive pacing pulses. 
[001 4] In an exemplary embodiment of the second as- 

40 pect of the invention, overdrive pacing is performed by 
periodically determining an intrinsic atrial rate, then pac- 
ing the heart at a rate equal to the intrinsic rate plus an 
additional overdrive pacing margin. The overdrive pac- 
ing margin is thereafter selectively increased or de- 

45 creased so as to maintain the actual degree of pacing 
at about 95% paced beats. To this end, the overdrive 
pacing margin, which may initially be set to five beats 
per minute above the intrinsic heart rate, may be incre- 
mentally increased, or decreased to maintain the per- 

50 centage of paced beats at the target rate of about 95%. 
[001 5] In a second exemplary embodiment, overdrive 
pacing is performed in accordance with a dynamic atrial 
overdrive technique which operates to periodically in- 
crease a pacing cycle length (i.e., to decrease the pac- 

55 jng rate) to permit detection of intrinsic paced beats. The 
pacing cycle length is automatically extended every 
N MAX cardiac cycles by a predetermined amount. Initial- 
ly, N MAX may be, for example, ten cycles. In accordance 
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with the invention, the value for is periodically in- 
creased or decreased in accordance with the actual de- 
gree of pacing so as to maintain the actual degree of 
pacing at about 95% paced beats. Hence, possible dis- 
advantages associated with increasing the overdrive 
pacing rate in response to detection of only a single in- 
trinsic beat are substantially avoided and the average 
overdrive pacing rate is kept reasonably low. Other pro- 
grammable values defining the dynamic atrial overdrive 
algorithm may also be adaptively varied in accordance 
with the actual degree of pacing. 
[0016J Hence, with the second aspect of the inven- 
tion, overdrive pacing characteristics are adaptively var- 
ied so as to reduce the average overdrive pacing rate 
while still maintaining, on the average, the target per- 
centage of paced beats. The degree of risk or discomfort 
to the patient resulting from overdrive pacing is thereby 
minimised and the longevity of the power supply of the 
implantable medical device is increased while still 
achieving a sufficiently high percentage of paced beats 
to reduce the risk that a naturally occurring tachyarrhyth- 
mia will occur within the patient. 
[0017] According to the invention there is further pro- 
vided a method of controlling overdrive pacing of a pa- 
tient's heart using an implantable cardiac stimulation de- 
vice connected to the heart, the method comprising the 
steps of: 

determining an overdrive pacing rate; 

overdrive pacing the heart at the overdrive pacing 

rate; 

detecting intrinsic heart beats arising during the 
overdrive pacing; and 

if at least two intrinsic heart beats are detected with- 
in a first determined search period, increasing the 
overdrive pacing rate by a determined rate incre- 
ment; and 

if at least two intrinsic heart beats are not detected 
within a second determined search period, de- 
creasing the overdrive pacing rate by a determined 
rate decrement. 

[0018] According to the invention there is further pro- 
vided a method for controlling overdrive pacing of a pa- 
tient's heart using an implantable cardiac stimulation de- 
vice connected to the heart, the method comprising the 
steps of: 

determining an overdrive pacing rate; 

overdrive pacing the heart at the overdrive pacing 

rate; 

detecting intrinsic heart beats arising during the 
overdrive pacing; and 

if at least two intrinsic heart beats are detected with- 
in a first determined search period, increasing the 
overdrive pacing rate by a determined rate incre- 
ment; and 

if no intrinsic heart beats are detected within a sec- 



ond determined search period, decreasing the 
overdrive pacing rate by a determined rate decre- 
ment. 

5 [0019] Preferably the first determined search period 
extends for a first determined number of overdrive 
paced cycles and preferably the first determined search 
period begins with a first detected intrinsic beat and pref- 
erably the first determined search period is between 8 

10 and 40 cycles, inclusive and/or the first determined 
search period begins with a first paced beat and prefer- 
ably the first determined search period is 10 cycles. 
, [0020] Preferably the second determined search pe- 
riod begins following an increase in the overdrive pacing 

i5 rate and preferably the second determined search peri- 
od is between 8 and 40 cycles, inclusive. 
[0021] Preferably the determined rate increment is 
selected from a group including 5, 10, 15, 20 and 25 
ppm and/or the determined rate decrement is selected 

20 from a group including 1 , 2, 3, 4 and 5 ppm. 

[0022] Preferably the step of determining the over- 
drive pacing rate includes the steps of: 

determining a sinus rate; and 
25 setting the overdrive pacing rate to be equal to the 
sinus rate and preferably the step of determining the 
sinus rate includes the steps of: 

detecting at least three consecutive sinus P- 
30 wav.es; . 

determining an average interval between the P- 
waves; and 

calculating the sinus rate based upon the aver- 
age interval and/or further including the step of 
35 periodically re-determining the overdrive pac- 

ing rate by: 

suspending overdrive pacing; 
detecting at least three consecutive P- 
40 waves while overdrive pacing is suspend- 

ed; 

determining an updated sinus rate based 
upon the at least three consecutive P- 
waves; and 

45 setting the overdrive pacing rate based up- 

on the updated sinus rate. 

[0023] Preferably the step of determining the over- 
drive pacing rate includes the steps of: 

so 

determining an atrial rate; and 

setting the overdrive pacing rate to be equal to the 

atrial rate and preferably further including the steps 

of: 

55 

periodically determining an updated atrial rate; 
comparing the updated atrial rate with a current 
overdrive pacing rate; and 
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if the updated atrial rate exceeds the current 
overdrive pacing rate by a determined amount, 
resetting the overdrive pacing rate to be equal 
to the updated atrial rate. 

5 

[0024] According to the invention there is yet further 
provided a method for controlling overdrive pacing of a 
heart using an implantable cardiac stimulation device 
connected to the heart, the method comprising the steps 
of: 10 

programming control values specifying overdrive 
pacing characteristics; 

applying overdrive pacing pulses to the heart in ac- 
cordance with the control values; 15 
determining an actual degree of pacing resulting 
from the overdrive pacing pulses; and 
varying the control values based on the degree of 
pacing resulting from the overdrive pacing pulses. 

20 

[0025] Preferably the step of programming control 
values specifying of overdrive pacing characteristics in- 
cludes the step of selecting a parameter from a group 
including: an overdrive pacing rate, an overdrive pacing 
cycle length, a number of pacing pulses to be adminis- p 
tered prior to a pacing cycle length extension, an amount 
of time prior to a pacing cycle length extension, a 
number of unpaced beats detected prior to a pacing cy- 
cle length extension a magnitude of rate increment, a 
magnitude of rate decrement, a search window dura- 30 
tion 7 a pacemaker base rate, and a sensor modulated 
base rate. 

[0026] Preferably the step of determining the actual 
degree of pacing resulting from the overdrive pacing 
pulses includes the steps of: 35 

determining a number of paced beats occurring dur- 
ing a period of overdrive pacing; 
" determining a number of unpaced beats occurring 
during the period of overdrive pacing; and 40 
calculating the actual degree of pacing based on a 
comparison of the number of paced beats and the 
number of unpaced beats occurring during a period 
of overdrive pacing and preferably the step of cal- 
culating the actual degree of pacing based on the « 
comparison of the number of paced beats and the 
number of unpaced beats includes the step of de- 
termining a percentage of pacec beats out of a total 
number of paced beats and unpaced beats. 

50 

[0027] Preferably the step of varying the control.val- 
ues based on the actual degree of pacing includes the 
steps of: 

inputting a target value representative of a target 55 
degree of pacing; 

comparing the actual degree of pacing with the tar- 
get degree of pacing; and 



adjusting the overdrive pacing values to reduce a 
difference, if any, between the actual degree of pac- 
ing and the target degree of pacing and preferably 
the control values representative of the overdrive 
pacing characteristics include a pacing cycle length 
and a number of pacing pulses administered prior 
to a pacing cycle length extension; and wherein 
the step of applying overdrive pacing pulses to the 
heart in accordance with the control values includes 
the steps of: 

counting a number of pacing pulses; and 
increasing the pacing cycle length when a count of 
the number of pacing pulses exceeds the parameter 
representative of the number of pacing pulses to be 
administered prior to a pacing cycle length exten- 
sion and preferably the step of varying the control 
values includes the steps of: 

increasing the number of pacing pulses to be 
administered prior to a pacing cycle length ex- 
tension if the actual degree of pacing is less 
than the target degree of pacing and 
decreasing the number of pacing pulses to be 
administered prior to a pacing cycle length ex- 
tension if the actual degree of pacing is more 
than the target degree of pacing. 

[0028] According to the invention there is yet further 
provided a system for controlling overdrive pacing of a 
heart using an implantable cardiac stimulation device 
connection to the heart, said system comprising: 

a receiver receiving programming values specifying 
overdrive pacing characteristics; 
a pulse generator generating overdrive pacing puls- 
es for applying to the hart in accordance with the 
values; 

a determination unit determining an actual degree 
of pacing resulting from the overdrive pacing puls- 
es; and 

an adjustment unit varying the values specifying 
overdrive pacing characteristics based on the de- 
gree of pacing resulting from the overdrive pacing 
pulses. 

[0029] Apparatus embodiments of the invention are 
also provided. Embodiments of the invention will now 
be described, by way of example, with reference to the 
drawings, of which: 

Fig. 1 is a schematic diagram illustrating a pace- 
maker, internally configured in accordance with the 
invention, and connected to a patient's heart. 
Fig. 2 is a timing diagram illustrating paced beats 
and unpaced beats within the heart of Fig. 1 . 
Fig. 3 is a flow chart illustrating an overdrive pacing 
method wherein an overdrive pacing rate is in- 
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creased only if at least two intrinsic evens are de- 
tected within X cardiac cycles of one another. 
Fig. 4 is a flow chart illustrating an overdrive pacing 
method wherein an overdrive pacing rate is in- 
creased only if at least two intrinsic heart beats are 
detected within a block of N consecutive cardiac cy- 
cles. 

Fig. 5 is a flow chart illustrating a method for adap- 
tively varying programmable values defining over- 
drive pacing characteristics so as to maintain a tar- 
get degree of pacing. 

FIG. 6 is a flow chart of the method of FIG. 5 con- 
figured for adaptively varying an overdrive pacing 
rate. 

FIG. 7 is a flow chart illustrating a method for adap- 
tively modifying the automatic pacing cycle length 
adjustment to maintain a target degree of pacing. 

[0030] Briefly the invention relates to techniques for 
controlling overdrive pacing so as to achieve and main- 
tain a target degree of pacing. The techniques will first 
be described with reference to FIGS. 1-4 wherein an 
overdrive pacing rate is increased only in response to 
detection of at least two intrinsic heart beats within some 
predetermined number of cardiac cycles. Then, tech- 
niques of the invention will be described with reference 
to FIGS. 5-7 wherein programmable values specifying 
overdrive pacing characteristics are adaptively varied 
so as to maintain a target percentage of paced beats. 
[0031] FIG. 1 illustrates an implantable cardiac stim- 
ulating device 10 (such as a pacemaker) coupled to a 
patient's heart 1 2 by way of a ventricular lead 1 4 and an 
atrial lead 16. Ventricular lead 14 includes an electrode 
1 8 positioned in the right ventricle 20 of the heart 1 2 and 
atrial lead 16 includes an electrode 22 positioned in the 
right atrium 24 of the heart 1 2 (preferably using a screw- 
in active fixation lead). Various internal components of 
the pacemaker operate to sense the electrical activity of 
the heart 12, such as the presence of P-waves and R- 
waves, usinjg electrodes 18 and 22 and to selectively 
stimulate the heart in response to events sensed within 
the heart 12 by conducting electrical stimulation pulses 
to the heart 12 using the electrodes 18 and 22. Among 
other functions, the pacemaker operates to overdrive 
pace the heart 12 in accordance with techniques to be 
described below in an effort to prevent the occurrence 
of a tachycardia or, if a tachycardia nevertheless occurs, 
to terminate the tachycardia. 

[0032] FIG. 2 illustrates a sequence of pacing pulses 
102 administered by the cardiac stimulation device 10 
of FIG. 1. Each electrical pacing pulse triggers an 
evoked response 104 representative of an artificially in- 
duced heart beat. Pulses 1 02 are administered at a con- 
stant pacing rate and, therefore, are separated by a con- 
stant pacing cycle length. FIG. 2 also illustrates a single 
unpaced beat 106 not preceded by a pacing pulse 102. 
Unpaced beat 106 may be .for example, an ectopic beat 
cause by a naturally occurring electrical signal generat- 



ed within the heart from a location other than the sinus 
node from which normal sinus rhythm heart beats are 
naturally generated. As discussed above, ectopic beats 
have been found to sometimes trigger tachyarrhythmias 

5 and hence it is desirable to minimize the number of ec- 
topic beats. Accordingly, the cardiac stimulation device 
10 of FIG. 1 performs an overdrive pacing algorithm in- 
tended to generate overdrive pacing pulses 102 at a suf- 
ficiently high rate to minimize the number of unpaced 

10 beats 106 without causing an unnecessarily high heart 
rate. To this end, the cardiac stimulation device 10 de- 
termines the actual degree of pacing resulting from the 
overdrive pacing pulses and adaptively modifies the 
overdrive pacing rate to maintain the actual degree of 

15 pacing at about a target degree of pacing wherein about 
95% of the total beats are paced beats. 
[0033] FIG. 3 illustrates a technique for overdrive pac- 
ing a heart wherein an overdrive pacing rate is increased 
only in response to the detection of at least two intrinsic 

20 p-waves occurring within X cardiac cycles of one anoth- 
er wherein X is, typically, between eight and forty cardiac 
cycles. Briefly, the technique is summarized as follows: 

1 . Identify a P-wave. 
25 2. If another P-wave occurs within X cardiac cycles, 
increase the pacing rate by Y bpm. 

a) X is preferably programmable from about 8 
to 40 cardiac cycles. 
30 b) Y is the programmable rate increase and is 

preferably programmable to 5, 1 0, 1 5, 20 or 25 
ppm. 

3. If Z cardiac cycles occur without a pacing rate 
35 increase, then decrease the pacing rate by W ppm. 

a) 2 is the dwell time before the pacing rate is 
decreased and is preferably programmable 
from 8 to 40 cardiac cycles. 
40 b) W is preferably programmable at 1 , 2, 3, 4, 

or 5 ppm/cardiac cycle. 

[0034] Additionally, the cardiac stimulation device 10 
periodically suspends pacing to permit detection of 
45 three consecutive P-waves. At that time, the sinus rate 
is computed based upon the detected P-waves and the 
overdrive pacing rale is reset to be equal to the sinus 
rate. 

[0035] This technique will now be explained more fully 
so with reference to FIG. 3. Initially, at step 200, the intrinsic 
sinus rate is detected by detecting three consecutive P- 
waves. At step 204, a current overdrive pacing rate is 
set to be equal to the detected sinus rate. At step 206, 
the cardiac stimulation device 10 begins to count the 
55 number of paced cycles (Ireset) since lne overdrive 
pacing rate was set based upon the intrinsic sinus rate. 
This count of paced cycles is eventually compared with 
a rate recalibration value in step 218 (described below) 
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and if it exceeds the recalibration value, step 200 is re- 
peated to detect a new intrinsic sinus rate for resetting 
of the overdrive pacing rate . 

[0036] At step 208, the atria of the heart is paced at 
the current overdrive pacing rate. At step 210, the s 
number of cycles (I C ycles) since pacing began at the 
current rate is counted. Note that, 'reset and Icycles 
are initially equal to one another. However, as will be 
described, the values typically diverge from one another 
with further execution of the method steps. Icycles ]S 10 
eventually compared against a rate recovery value Z at 
step 214 (described below) and if I CY cles exceeds Z, 
the overdrive pacing rate is decreased. 
[0037] At step 21 2, the cardiac stimulation device 1 0 
detects any intrinsic P -waves. If a P-wave is not detect- , '5 
ed, processing proceeds to step 214 wherein the count 
of paced cycles since pacing began at the current rate 
('cycles) is compared with the rate recovery value (Z). 
If Icycles exceeds Z : then step 216 is performed where- 
in the current overdrive pacing rate is decreased by a 20 
pacing decrement amount W, preferably preset to 1 , 2, 
3, 4, or 5 ppm. Processing then returns to step 206 for 
continued pacing at the newty reduced overdrive pacing 
rate. Thus, if at least Icycles °* P ac ' n g occurs before 
detection of a single intrinsic P-wave, the current over- 25 
drive pacing rate is reduced to provide for a rate of re- 
covery. If, at step 214, I C ycles does not exceed Z, then 
step 218 is performed wherein the cardiac stimulation 
device 10 determines whether the count of paced cy- 
cles since the current rate was originally set (Ireset) 30 
exceeds a rate recalibration value (N REC alibrat»on)- N - 
'reset exceeds N RECAUBRATJONl then step 200 is again 
executed wherein a new sinus rate is detected and the 
overdrive pacing rate is reset to the new sinus rate. This 
ensures that the overdrive pacing rate does not remain 35 
significantly different from the sinus rate for any extend- 
ed period of time. If, atstep218,l RESEX does not exceed 
- ^recalibration' processing returns to step 206 for 
additional pacing at the current overdrive pacing rate. 
[0038] What has been described thus far with respect *o 
to FIG. 3 are circumstances wherein no intrinsic P- 
waves are detected. Steps performed in response to 
the detection of P -waves will now be described. More 
specifically, if at step 212 an intrinsic P-wave is detect- 
ed, then step 220 is performed wherein a determination 
is made as to whether a count has already begun of the 
number of overdrive pacing cycles since detection of 
the last detected P-wave. During the first execution of 
step 220 following detection of the first P-wave, the 
count has not yet begun and hence processing cpntin- so 
ues to step 222 wherein the cardiac stimulation device 
10 begins to count the number of overdrive pacing cy- 
cles since the last detected P-wave (lp. WA v E )- Process- 
ing then returns to step 206 for additional pacing at the 
current overdrive pacing rate while incrementing 55 

'p-wave (along with Ireset and Icycles) with eacn ad ~ 
ditional pacing cycle. 

[0039] If another P-wave is detected at step 212, then 



execution proceeds through step 220 to step 224 where- 
in Ip.wAVE ' s compared with a pacing cycle increment 
value (X). If I 

p-wave ' s less than X, indicating that the 
last two detected intrinsic P-waves are within X cardiac 
cycles of one another, then step 226 is performed 
wherein the current overdrive pacing rate is increased 
by a predetermined pacing increment amount (Y) set to, 
for example, 5, 1 0, 15, 20, or 25 ppm. Thereafter, pacing 
continues from step 206 at the new higher overdrive 
pacing rate. If, however, at step 224, lp_ WAV E was fpu nd 
to be greater than X, meaning that the last two detected 
intrinsic P-waves were more than X cycles apart, then 
the overdrive pacing rate is not immediately increased. 
Instead, processing proceeds to step 222 wherein 
'p-wave ' s reset t0 begin* a new count of the number of 
overdrive pacing cycles since the most recently detect- 
ed P-wave. 

[0040] Thus, FIG. 3 is a flow chart illustrating one 
technique for implementing an overdrive pacing algo- 
rithm which, among other features, (1) increases an 
overdrive pacing rate if two P-waves are detected within 
X cardiac cycles of one another, (2) decreases the over- 
drive pacing rate if a rate increase does not occur within 
at least 2 cardiac cycles, and (3) resets the overdrive 
pacing rate to be equal to a detected sinus rate every 
^recalibration number of cardiac cycles regardless of 
the extent to which the overdrive pacing rate is modified 
during the interim. 

[0041 ] FIG . 4 illustrates a method for controlling over- 
drive pacing wherein an overdrive pacing rate is in- 
creased only if at least two intrinsic atrial beats are de- 
tected within a block of N consecutive cardiac cycles. 
The technique of FIG. 4 is summarized as follows: 

1 . At the conclusion of a block of N cardiac cycles, 
the cardiac stimulation device determines if there is 
more than one P-wave in the block of cardiac cy- 
cles. If there is more than one P-wave, the pacing 
rate is increased by Y ppm. 

a) Y is a programmable rate increment and is 
preferably programmable to 5, 10, 15, 20 or 25 
ppm. 

. 2. If Z cardiac cycles occur without increasing the 
pacing rate, then the pacing rate is decreased by W 
ppm. 

a) Z is the dwell time before the pacing rate is 
decreased and is preferably programmable 
from 8 to 40 cardiac cycles. 

b) W is preferably programmable at 1 , 2, 3, 4, 
or 5 ppm. 

[0042] Additionally, the cardiac stimulation device 10 
periodically suspends pacing to detect the intrinsic atrial 
rate and compare the intrinsic atrial rate with a current 
overdrive pacing rate. If the difference between the atrial 
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rate and the overdrive pacing rate exceeds a predeter- 
mined threshold (Nthreshold)* then the overdrive pac- 
ing rate is reset to the detected atrial rate. Otherwise, 
overdrive pacing continues at the current pacing rate. 
[0043] The technique will now be described in greater 
detail with reference to FIG. 4. Certain steps of FIG. 4 
are similar to those of FIG. 3 and, accordingly, will not 
be re-described in detail. Initially, at steps 300 and 302, 
the cardiac stimulation device 10 detects the current in- 
trinsic atrial rate and sets a current overdrive pacing rate 
based on the detected atrial rate. Initially, the overdrive 
pacing rate is set to be equal to the detected atrial rate. 
During subsequent iterations of steps 300 and 302, the 
overdrive pacing rate is set to the atrial rate only if the 
atrial rate minus the current overdrive pacing rate ex- 
ceeds ^THRESHOLD- 

[0044] At step 304, the cardiac stimulation device be- 
gins to count ad paced cycles (I RES et) since the overdrive 
pacing rate was set at step 302. At step 305, the cardiac 
stimulation device 10 paces the atria at the current over- 
drive pacing rate while detecting any intrinsic P-waves. 
At step 306, all paced cycles since pacing began at the 
current rate are detected and counted (Icycles)- At step 
308, the cardiac stimulation device 10 also counts every 
group of N consecutive paced cycles (l N ) wherein N is, 
for example, ten. Initially, the counts initiated at steps 302, 
306 and 308 will be the same. As will be seen, however, 
these counts may diverge from one another with further 
processing of the method steps. 
[0045] At step 310, the cardiac stimulation device 10 
determines whether N pacing cycles have elapsed by 
examining l N . If l N equals N, then step 312 is performed 
wherein the cardiac stimulation device 10 determines 
whether at least two intrinsic P-waves have been de- 
tected within the group of N paced cycles. If so, the cur- 
rent overdrive pacing rate is increased at step 314 by 
an amount Y wherein Y is equal to, for example, 5, 10, 
1 5, 20 or 25 ppm. Thereafter, processing returns to step 
304 for additional atrial pacing at the new overdrive pac- 
ing rate. If, at step 312, at least two intrinsic P-waves 
were not detected within the group of N paced cycles, 
then step 31 6 is performed wherein the count of N paced 
cycles (l N ) is reset such that the next set of N consecu- 
tive paced cycles may be counted. In this manner, the 
overdrive pacing rate is increased if, and only if, at least 
two P-waves are detected within a group of N consec- 
utive cardiac cycles. 

[0046] If, at step 31 0, N paced cycles have not yet 
elapsed (i.e., the count l N is less than N), then step 318 
is performed wherein the cardiac stimulation device 10 
determines whether the count of paced cycles since 
pacing began at the current rate (I PAC e 0 ) exceeds a rate 
recovery value (Z). If so, then at step 320, the overdrive 
pacing rate is decreased by a pacing decrement amount 
W, wherein W is preset to. for example, 1 , 2, 3, 4 or 5 
ppm. Hence, if the overdrive pacing rate has not been 
increased as a result of the detection of at least two P- 
waves within a block of N cycles, then the overdrive pac- 



ing rate is decreased to provide rate recovery. 
[0047] If, at step 31 8, Icycles not exceed Z, then 
step 322 is performed wherein the cardiac stimulation de- 
vice 10 determines whether the count of paced cycles 

5 since the current rate originally set (Ireset) in ste P 302 ex- 
ceeds a rate caltoration value N RECAUBRATION . If so, then 
. steps 300 and 302 are repeated wherein overdrive pacing 
is suspended to permit detection of the intrinsic atrial rate 
and the overdrive pacing rate is then set based upon the 

10 intrinsic atrial rate. As noted above, within step 302, a de- 
termination is made as to whether the difference between 
the intrinsic atrial rate and the overdrive pacing rate ex- 
ceeds a threshold Nthreshold an d» not ' ^ e overdrive 
pacing rate is not reset to be equal to the atrial rate. If, at 

15 step 322, Ireset does not exceed N rec> ^ BRAT ion» then 
processing merely retu ms to step 304 for additional pacing 
at the current overdrive pacing rate. 
[0048] Thus, FIG. 4 illustrates an overdrive pacing 
technique wherein, among other features, (1) an over- 
do drive pacing rate is increased only if at least two P- 
waves are detected within a block of N consecutive car- 
diac cycles, (2) the overdrive pacing rate is decreased 
if the overdrive pacing rate is not increased within Z con- 
secutive cardiac cycles, arid (3) the overdrive pacing 

25 rate is periodically reset to an intrinsic atrial rate if the 
difference between the atrial rate and the current over- 
drive pacing rate exceeds a predetermined threshold. 
By increasing the overdrive pacing rate only in response 
to the detection of at least two P-waves within a block 

30 of IM consecutive cardiac cycles, excessively aggressive 
overdrive pacing rate increases are avoided. Addition- 
ally, with appropriate selection of N, a minimum percent- 
age of paced cycles can be achieved on the average. 
For example, by setting N equal to ten, the average per- 

35 centage of paced cycles will be maintained at about 
90%. If more than ten percent of the cardiac cycles are 
intrinsic cycles, then the overdrive pacing rate is in- 
creased. Otherwise, the overdrive pacing rate is period- 
ically decreased. Hence, an average of about 90% is 

40 sustained. 

[0049] With reference to FIG. 5, techniques for adap- 
tively varying overdrive pacing characteristics are sum- 
marized. Initially, at step 400, a particular overdrive pac- 
ing technique or algorithm is selected by the cardiac 

45 stimulation device. Then, at step 401, programmable 
values, i.e., control values, are input from a memory 402 
for control of the operation of the algorithm. (If the im- 
plantable cardiac stimulation device 10 is capable of 
performing only a single overdrive pacing technique, 

50 step 400 is not necessary.) Depending upon the over- 
drive pacing technique, the programmable values may 
be representative of: an overdrive pacing rate, an over- 
drive pacing margin, a pacing cycle length, a number of 
pacing pulses prior to pacing cycle length extension (Z), 

55 an amount of time prior to pacing cycle length extension, 
a number of unpaced beats prior to pacing cycle length 
extension, a rate increment magnitude (Y), a rate dec- 
rement magnitude (W), a search window duration (X), a 
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pacemaker base rate, and a sensor modulated base 
rate. 

[0050] At step 403, the cardiac stimulation device 10 
applies overdrive pacing pulses to the heart in accord- 
ance with the requisite programmable values. While 
overdrive pacing is performed, the cardiac stimulation 
device 10 performs steps 404-412 to adjust the pro- 
grammable values so as to reduce any difference be- 
tween an actual degree of pacing and a target degree 
of pacing. More specifically, at step 404, the cardiac 
stimulation device 10 determines the actual degree of 
pacing resulting from the pacing pulses. The actual de- 
gree of pacing may be represented by a percentage of 
paced beats (determined as a function of time or as a 
function of cardiac cycles) or by any other appropriate 
factor At step 406, a target degree of pacing is input 
from a memory 408 and, at step 410, the cardiac stim- 
ulation cevice 10 compares the actual degree of pacing 
with the target degree of pacing. At step 41 2, the cardiac 
stimulation device 10 adjusts the values used from 
memory 402 so as to reduce any difference between the 
actual degree of pacing and the target degree of pacing. 
The specific adjustment depends upon a particular pro- 
grammable value being adjusted. In some cases, a val- 
ue may need to be increased so as to cause a decrease 
in the degree of pacing. In other cases, a value may 
need to be decreased so as to cause a decrease in the 
degree of pacing. The direction of the adjustment and 
the magnitude of the adjustment are set so as to achieve 
a negative feedback loop which converges the actual 
degree of pacing to the target degree of pacing. To this 
end. routine experiments are performed to determine 
optimal values for adjusting the various parameters to 
achieve the desired feedback loop and to eliminate ad- 
justment values, if any, which may result in a positive 
feedback loop causing the actual degree of pacing to 
deviate from the target degree of pacing, rather than to 
converge to the target degree of pacing. The resulting 
adjustment in the values may be linear or nonlinear, de- 
pending'upon the particular programmable values and 
depending upon the amount of difference, if any, be- 
tween the actual degree of pacing and the target degree 
of pacing. As can be appreciated, a wide range of pos- 
sible adjustments can be employed consistent with the 
invention depending upon the characteristics of the 
overdrive pacing technique being implemented. In many 
cases, two or more programmable values are adjusted 
simultaneously. For example, both the overdrive pacing 
margin and the number of pacing pulses prior to a pac- 
ing cycle length extension may be adaptively adjusted. 
[0051 ] A first specific example of the technique of FIG. 
5 will now be described with reference to FIG. 6. In this 
specific example, the cardiac stimulation device 10 op- 
erates to maintain the overdrive pacing rate at a rate 
equal to the intrinsic rate plus a programmable rate mar- 
gin. The rate margin is adaptively varied so as. -to main- 
tain a target degree of pacing. Initially, at step 500, the 
cardiac stimulation device 10 inputs an initial overdrive 



pacing margin from a memory unit 502. The margin may 
be, for example, five beats per minute (bpm) - indicating 
that the heart is to be paced at a rate equal to the intrinsic 
heart rate plus five bpm. At step 504, the cardiac stim- 

5 ulation device 10 periodically determines the intrinsic 
heart rate and administers overdrive pacing pulses to 
the heart at a rate equal to the intrinsic rate plus the over- 
drive pacing margin. For example, if the intrinsic rate is 
found to be 60 bpm, the cardiac stimulation device 10 

10 overdrive paces the heart at a rate of 65 ppm. If the in- 
trinsic rate is found to increase to 80 bpm ; then the over- 
drive pacing rate automatically increases to 65 ppm. In 
this manner, the cardiac stimulation device 10 seeks to 
maintain the overdrive pacing rate at a rate slightly high- 

15 er than the intrinsic rate at all times. 

[0052] A determination of the intrinsic rate at step 504 
may be performed, for example, by periodically deacti- 
vating overdrive pacing thereby permitting detection of 
intrinsic beats from which the intrinsic heart rate is de- 

20 termined. In this regard, an estimate of the intrinsic heart 
rate may be calculated based upon the duration of time 
between the detected intrinsic beats. The greater the 
number of intrinsic beats that are detected, the more 
precise the determination of the intrinsic heart rate. 

25 [0053] Step 506 is periodically performed wherein the 
cardiac stimulation device counts the number of paced 
beats and the number of unpaced beats until a prede : 
termined period of time, such as 60 seconds, has 
elapsed. Alternatively, the cardiac stimulation device 10 

30 counts the beats until a predetermined number of total 
beats, such as 100 beats, have been counted. The car- 
diac stimulation device 10 then calculates a percentage 
of the number of paced beats out of a total number of 
beats. In the example of FIG. 2, with nine paced beats 

35 and one unpaced beat, the percentage of paced beats 
is about 90%. At step 508, the cardiac stimulation device 
1 0 inputs a target degree of pacing from a memory unit 
510. The target of pacing may be, for example, 95% 
paced beats. At step 512, the cardiac stimulation device 

40 10 determines whether the actual percentage of paced 
beats determined at step 506 is greater than the target 
percentage of paced beats input at step 508. If so, then 
step 514 is performed wherein the cardiac stimulation 
device 1 0 automatically decreases the overdrive pacing 

45 margin by a predetermined amount, such as one ppm. 
If not, then step 516 is performed wherein the cardiac 
stimulation device 10 automatically increases the over- 
drive pacing margin by the predetermined amount. 
[0054] Thereafter, step 504 is performed using the ad- 

so justed overdrive pacing margin. Hence overdrive pacing 
may now occur at a rate of six ppm above the intrinsic 
rate or perhaps only at a rate of four ppm above the in- 
trinsic rate. With repeated iterations of steps 504-516, 
the degree of overdrive pacing is thereby periodically, 

55 adaptively adjusted so as to maintain the actual percent- 
age of paced beats at an amount about equal to the tar- 
get degree of pacing, e.g., at about 95%. Hence, if the 
initial overdrive pacing adjustment factor was too high 
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such that substantially 1 00% of heart beats were paced 
beats, the overdrive pacing adjustment factor is de- 
creased somewhat to permit occasional detection of an 
unpaced beat. This helps ensure that the overdrive pac- 
ing rate is not so high so as to possibly adversely affect 5 
the health of the patient. Also, avoidance of an unnec- 
essarily high overdrive pacing rate helps preserve bat- 
tery longevity. Moreover, in embodiments wherein the 
cardiac stimulation device relies upon detection of an 
occasional intrinsic beat so as to determine the intrinsic 10 
heart rate, a reduction of the overdrive pacing rate helps 
ensure that intrinsic beats are occasionally detected. On 
the other hand, if the actual degree of overdrive pacing 
. was found to be significantly less than 95%, then the 
overdrive pacing rate is increased so as to prevent too *5 
many intrinsic beats from occurring which might trigger 
a tachyarrhythmia. 

[0055] Although not specifically shown in FIG. 6, if, at 
step 512, the actual percentage of pacing is found to be 
exactly equal to the target degree of pacing, then the 20 
cardiac stimulation device 10 may be configured to not 
adjust the overdrive pacing adjustment factor either up 
or down. Also, the predetermined amount by which the 
overdrive pacing margin is increased may differ from 
that in which it is decreased. Also, the predetermined 25 
amounts may vary depending upon the current over- 
drive pacing rate or upon the current overdrive pacing 
adjustment factor. For example, if the overdrive pacing 
margin is currently set to 20 ppm, the factor may be in- 
creased or decreased by a greater amount than if the 30 
overdrive pacing margin was currently set to two or three 
ppm. Likewise, if the current overdrive pacing rate (i.e., 
the sum of the current intrinsic heart rate and the current 
overdrive pacing margin), is particularly high, then the. 
predetermined amounts may also be relatively high. Al- 35 
so, note that the overdrive pacing margin may, at times, 
be negative. As can be appreciated, a wide range of al- 
ternatives may be provided consistent with the princi- 
ples of the invention. 

[0056] Another specific example of the technique of *o 
FIG. 5 will now be described with reference to FIG. 7. In 
this specific example, the cardiac stimulation device .10 
performs a dynamic atrial overdrive technique wherein 
detection of a single P-wave triggers an immediate, sig- 
nificant increase in the overdrive pacing rate and where- 45 
in : after an increase, the pacing cycle length is periodi- 
cally extended to gradually reduce the overdrive pacing 
rate. More specifically, the dynamic atrial overdrive tech- 
nique operates as follows. The cardiac stimulation de- 
vice 10 monitors the atria of the heart and detects P- so 
waves and, in response to detection of a single P-wave, 
increases the overdrive pacing rate by a programmable 
increment value which depends upon whether the cur- 
rent overdrive base rate is within: 1) a lower rate over- 
drive (LRO) regime of between 25 and 59 ppm, 2) a mid- 55 
die rate overdrive regime (MRO) of between 60 and 1 49 
ppm, or 3) an upper rate overdrive (URO) of between 
150 and 185 ppm. 



[0057] Within the LRO regime, the cardiac stimulation 
device 10 increases the overdrive pacing rate with each 
sensed P-wave by an LRO increment programmable 
value, e.g.. 5 : 10, 15, 20 and 25 ppm. Within the URO 
regime, the cardiac stimulation device 10 increases the 
overdrive pacing rate with each sensed P-wave by a 
URO increment programmable value, e.g., 5 or 1 0 ppm. 
(Typically, the LRO increment value is programmed to 
a high value, such as 25 ppm, whereas the URO incre- 
ment is programmed to a low value such as 5 ppm.) 
Within the MRO regime, the cardiac stimulation device 
10 increases the overdrive pacing rate with each sensed 
P-wave by an MRO increment which is a blended value 
between the LRO increment and the URO increment. 
The MRO increment is equal to the LRO increment 
when the base rate is 60 ppm. The MRO increment var- 
ies gradually when the base rate is in the range of 60 
ppm to 1 50 ppm until the increment is equal to the URO 
increment when the base rate is equal to 150 ppm. 
[0058] The cardiac stimulation device 1 0 also exploits 
a dynamic rate recovery technique wherein the over- 
drive base rate is decreased if a predetermined number 
of pacing cycles occur without any detected P- waves. 
The predetermined number of cycles and the amount of 
the decrease are both programmable. The amount of 
the decrease varies depending upon whether the base 
overdrive pacing rate is within one of two regimes. 
[0059] The specific operation of the cardiac stimula- 
tion device 10 within the various regimes is described 
with reference to the following examples. 
[0060] As an example of operation within the LRO re- 
gime, if the current overdrive pacing rate is 45 ppm, the 
LRO increment value is 5 ppm, and a P-wave is sensed, 
the current overdrive pacing rate is immediately in- 
creased to 50 ppm. If the P-wave arises from intrinsic 
atrial activity occurring at a rate of 53 bpm, then a sec- 
ond P-wave will be detected before a paced beat can 
be generated (because the overdrive base rate is still 
below the intrinsic rate). Hence, another P-wave is de- 
tected and the overdrive pacing rate increases to 55 
ppm. 

[0061] As another example of operation within the 
LRO regime, if the current overdrive pacing rate is 55 
ppm, the LRO increment is 25 ppm, the URO increment 
is 5 ppm, and the patient experiences an SVT at 160 
bpm, then the overdrive pacing rate increases by 25 
ppm with each sensed atrial beat until the overdrive pac- 
ing rate exceeds 60 ppm. Then, any further increments 
begin at slightly less than the LRO increment of 25 ppm 
and are gradually reduced to the URO increment of 5 
ppm when the overdrive pacing rate exceeds 150 ppm. 
[0062] To provide rate recovery, the cardiac stimula- 
tion device 10 counts the number of pacing pulses de- 
livered at a current overdrive pacing rate and, if the 
number of cycles exceeds a threshold value N MAX , the 
cardiac stimulation device 10 decreases the overdrive 
pacing rate by increasing a pacing cycle length . (CL) 
equal to the amount of time between individual pacing 
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pulses. N MAX is preferably programmable within a range 
of 1 to 32 cycles. Thus, if N MAX is programmed to 10 
cycles and the overdrive pacing rate has remained con- 
stant for 10 cycles, then the CL is increased by a pro- 
grammable rate recovery value. In this manner, so long 
as no intrinsic activity is detected, the overdrive pacing 
rate gradually decreases. Whenever intrinsic atrial ac- 
tivity is sensed, the counter associated with N MAX is re- 
set and, in accordance with the techniques already de- 
scribed, the overdrive pacing rate is incremented. Ex- 
emplary programmable CL increment values are: 

Milliseconds/Cycle 
6,13 
6,19 
13;19 
19;25 

[0063] As noted, an increase in the pacing cycle 
length causes a corresponding decrease in the over- 
drive pacing rate. In the foregoing, the first value repre- 
sents the increase in CL in milliseconds per cycle to be 
used if the current base rate is over 1 00 ppm. The sec- 
ond value represents the increase in CL in milliseconds 
per cycle to be used if the current base rate is- 1 00 ppm 
or less. Thus, two base CL increment regimes are used. 
[0064] In a specific rate recovery example, if the cur- 
rent overdrive pacing rate is 1 02 ppm, the intrinsic atrial 
rale is 90 ppm, and the dynamic rate recovery values 
are programmed to 6; 19 milliseconds/cycle, then the 
pacing cycle length decreases after every N MAX as fol- 
lows: 

(1) 595 milliseconds (101 ppm) 

(2) 601 milliseconds (100 ppm) 

(3) 620 milliseconds (97 ppm) 

(4) 639 milliseconds (94 ppm) 

(5) 658 milliseconds (91 ppm) 

[0065] Thus, the cardiac stimulation device 10 em- 
ploys a dynamic atrial overdrive technique which in- 
creases an overdrive base rate very promptly in re- 
sponse to detection of intrinsic atrial activity (i.e., P- 
waves) and provides a rate recovery technique for re- 
ducing the overdrive pacing rate when overdrive pacing 
is no longer needed. The degree of increment or decre- 
ment to the overdrive pacing base rate depends, as de- 
scribed above, upon the current base rate regime. Ad- 
ditional variations to the overdrive pacing rate may be 
based upon detection of pre-atrial contractions (PAC) or 
other intrinsic events. 

[0066] In the technique of FIG. 7, N MAX is adaptively 
varied to maintain a target degree of pacing. Initially, at 
step 600, the cardiac stimulation device 10 inputs both 
an initial pacing cycle length (CL) and N MAX from a mem- 
ory unit 602. CL may be, for example, one second (cor- 
responding to an overdrive pacing rale of 60 ppm) and 



N MAX may be, for example, initially set to ten. 
[0067] At step 604, the cardiac stimulation device 10 
repeatedly administers overdrive pacing pulses to the 
heart in accordance with the dynamic atrial overdrive al- 

5 gorithm described above wherein the CL is automatical- 
ly extended every N MAX pulses to allow occasional de- 
tection of intrinsic heart beats or other intrinsic activity. 
While step 604 is performed, the cardiac stimulation de- 
vice 10 additionally performs steps 606-616 as follows. 

10 The cardiac stimulation device counts the number of 
paced beats and unpaced beats for either a predeter- 
mined period of time or a predetermined number of puls- 
es then calculates the percentage of paced beats at step 
606. A target degree of pacing is input at step 608 from 

is a memory 610 and, at step 612, the cardiac stimulation 
device 10 determines whether the actual percentage of 
pacing is greater than the target percentage of pacing. 
If so; then N MAX is .decreased by a predetermined 
amount, such as one cycle, atstep614. If not, then N MAX 

20 is increased by a predetermined amount, such as one 
cycle, at step 616. Thereafter, the overdrive pacing per- 
formed by the cardiac stimulation device 1 0 during step 
604 is performed using the adjusted value for N^x- 
With repeated iterations of steps 604-61 6, the actual de- 

25 gree of pacing is maintained substantially at or near the 
target degree of pacing so as to prevent excessive over- 
drive pacing while still minimizing the number of non- 
paced beats. In this regard, is decreased when 
the actual percentage of pacing is greater than the target 

30 percentage of pacing so as to permit a more prompt de- 
tection of an intrinsic pulse from which a new intrinsic 
heart rate is determined. By permitting a more prompt 
detection of a next intrinsic beat, the overdrive pacing 
rate can thereby be adjusted in accordance with the dy- 

35 namic atrial overdrive algorithm to more closely match 
the intrinsic rate. In contrast, by increasing N MAX if the 
actual percentage of pacing is found to be less than 
95%, a greater amount of time elapses prior to detection 
of a next intrinsic pulse, thereby delaying readjustment 

40 of the overdrive pacing rate. This may result in a gener- 
ally higher overdrive pacing rate. In any case, regard- 
less of whether the adjustments to N MAX result in an in- 
crease or decrease in the overall average overdrive pac- 
ing rate, the adjustments to N MAX will typically operate 

45 \o maintain the percentage of paced beats at about the 
target percentage and the advantages set forth above 
are achieved. 

[0068] In another specific example of the technique of 
FIG. 5, the implantable cardiac stimulation device 10 

so employs a technique for modulating the base rate of the 
cardiac stimulation device 10 based upon circadian 
rhythms of the patient. The technique for modulating the 
base rate is described in U.S. Patent No. 5,476,483 to 
Bornzin etai. which is incorporated by reference herein. 

55 Briefly, in accordance with the technique of the Bornzin 
et at. patent, the base rate associated with a transfer 
function of a rate-responsive cardiac pacemaker is mod- 
ulated. Activity sensor measurements are used to derive 
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activity variance measurements, which in turn are used 
to modulate the base pacing rate. In one embodiment, 
a histogram is used to store activity variance measure* 
ments collected over a period of about one week. A his- 
togram is used to derive an activity variance threshold, 
which is compared to current activity variance measure- 
ments to determine if the patient is asleep. If the patient 
is deemed to be asleep, the pacing rate is set to a rate 
that comfortably meets the low metabolic demands of 
the patient during sleep. In alternative embodiments : the 
activity variance measurements are applied to a base 
rate slope to modulate the base pacing rate. 
[0069] Thus, the base rate can be modulated and as 
such, the percentage of time that underlying, intrinsic P- 
waves are detectable during a search period can be ad- 
justed by adaptively adjusting the base rate in accord- 
ance with the adaptive techniques described above. 
With proper selection of appropriate adaptive adjust- 
ment values (when the cardiac stimulation device ex- 
tends an atrial escape interval to permit detection of an 
underlying, intrinsic P-wave), the adjusted base rate will 
limit the extension of the escape interval so that the base 
rate is in fact higher than the underlying atrial rate. Ac- 
cordingly, there will be few, if any, emerging P-waves. 
More specifically, parameters sleep_rate and 
BPR_slope within Equation 9 of the Bornzin et at. patent 
are adaptively adjusted so as to achieve a target degree 
of pacing. Increasing sleep_rate and BPR_slope has 
the effect of increasing the base rate and thus increasing 
the percentage of atrial pacing. 
[0070] What has been described are various tech- 
niques for overdrive pacing including techniques for 
adaptively adjusting overdrive pacing programmable 
values so as to maintain a desired or target degree of 
overdrive pacing, or to maintain any other desirable 
characteristic of the overdrive pacing. The overdrive 
pacing techniques have been described primarily with 
reference to flow charts illustrating steps performed by 
components of an implantable cardiac stimulating de- 
vice. Each method step of the flow charts additionally 
represents a functional component for performing the 
method step. The functional component may comprise 
individual hardware devices or may comprise software 
components. In some cases a single functional compo- 
nent will perform two or more method steps. In other 
cases two or more functional components in combina- 
tion will perform a single method step. In general, the 
techniques described herein may be implemented using 
any appropriate technology such as hardware, soft- 
ware, firmware, or the like. 



Claims 

1 . A system for controlling overdrive pacing of a heart 
using an implantable cardiac stimulation device 
configured for connection to a patient's heart, the 
system comprising: 



, means for determining an overdrive pacing 
rate; 

means for overdrive pacing the heart at the 
overdrive pacing rate; 

5 means for detecting intrinsic heart beats arising 

during the overdrive pacing; 
means, responsive to detection of at least two 
intrinsic heart beats within a first determined 
search period, for increasing the overdrive pac- 

io ing rate by a determined rate increment; and 

means, responsive to detection of no more than 
one intrinsic heart beat within a second deter- 
mined search period, for decreasing the over- 
drive pacing rate by a determined rate decre- 

15 ment. 

2. A system for controlling overdrive pacing of a pa- 
tients heart using an implantable cardiac stimula- 
tion device connected to the heart, the system com- 

20 prising: 

a determination unit determining an overdrive 
pacing rate; 

an overdrive pacing unit for overdrive pacing 
25 the patient's heart at the overdrive pacing rate; 

a detection unit for detecting intrinsic heart 
beats arising during the overdrive pacing; 
an overdrive pacing rate increment unit for in- 
creasing the overdrive pacing rate by a deter- 
so mined rate increment in response to detection 
of at least two intrinsic heart beats within a first 
determined search period; and 
an overdrive pacing rate decrement unit for de- 
creasing the overdrive pacing rate by a deter- 
35 mined rate decrement in response to detection 
of no more than one intrinsic heart beat within 
a second determined search period. 

3. The system of claim 1 or claim 2 wherein the first 
40 determined search period extends for a first deter- 
mined number of overdrive paced cycles. 

4. The system of claim 3 wherein the first determined 
search period begins with a first detected intrinsic 

45 beat and preferably the first determined search pe- 
riod is between 8 and 40 cycles, inclusive. 

5. The system of claim 3 wherein the first determined 
search period begins with a first paced beat and 

so preferably wherein the first determined search pe- 
riod is 10 cycles. 

6. The systme of claim 1 or 2 wherein the second de- 
termined search perid begins following an increase 

55 in the overdrive pacing rate and preferably wherein 
the second determined search perido is between 8 
and 40 cycles, inclusive. 
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8. 



Thie system of claim 1 or 2 wherein the determined 
rate increment is selected from a group including 5, 
10, 15, 20 and 25 ppm and/or wherein the deter- 
mined rate decrement is selected from a group in : 
eluding 1 , 2, 3, 4 and 5 ppm. 

The system of daim 1 or 2 wherein the means for 
determining the overdrive pacing rate includes: 

means for determining a sinus rate; and 
means for setting the overdrive pacing rate to 
be equal to the sinus rate. 



w 



means for receiving programming control val- 
ues specifying overdrive pacing characteris- 
tics; 

means for generating overdrive pacing pulses 
for applying to the patient's heart in accordance 
with th e control values ; 

means for determining an actual degree of pac- 
ing resulting from the overdrive pacing pulses; 
and 

means for varying the control values based on 
the degree of pacing resulting from the over- 
drive pacing pulses. 



9. The system of claim 8 wherein the means for deter- 
mining the sinus rate is arranged to: '5 

detect at least three consecutive sinus P- 
waves; 

determine an average interval between the P- 
waves; and 20 
calculate the sinus rate based upon the aver- 
age interval. 

10. The system of claim 8 further including the step of 
periodically redetemrining the overdrive pacing rate 25 
by: 

suspending overdrive pacing; 
detecting at least three consecutive P-waves 
while overdrive pacing is suspended; 30 
determining the updated sinus rate based upon 
the at least three consecutive P-waves; and 
setting the overdrive pacing rate based upon 
the updated sinus rate. 

35 

11. The system of claim 1 or 2 wherein the means for 
determining the overdrive pacing rate includes: 

means for determining an atrial rate and 
means for setting the overdrive pacing rate to *o 
be equal to the atrial rate and preferably where- 
in the means for determining an atrial rate is 
arranged to: 

periodically determine an updated atrial 
rate; 

compare the updated atrial rate with a cur- 
rent overdrive pacing rate; and 
if the updated atrial rate exceeds the cur- 
rent overdrive pacing rate by a determined so 
amount, reset the overdrive pacing rate to 
be equal to the updated atrial rate. 

1 2. A system for controlling overdrive pacing of a heart 
using an implantable cardiac stimulation device 55 
configured for connection to a patient's heart, the 
system comprising: 



1 3. A system as claimed in claim 1 2 in which the means 
for receiving programming control values receives 
a parameter selected from a group including an 
overdrive pacing rate, an overdrive pacing cycle 
length, a number of pacing pulses to be adminis- 
tered prior to a pacing cycle length extension, an 
amount of time prior to a pacing cycle length exten- 
sion, a number of unpaced beats detected prior to 
a pacing cycle length extension, a magnitude of rate 
increment, a magnitude of rate decrement, a search 
window duration, a pacemaker base rate, and a 
sensor modulated base rate. 

1 4. A system as claimed in claim 1 2 in which the means 
for determining an actual degree of pacing resulting 
from the overdrive pacing pulses includes: 

means for determining the number of paced 
beats occurring during a period of overdrive 
pacing; 

means for determining a number of unpaced 
beats occurring during the period of overdrive 
pacing; and 

means for calculating the actual degree of pac- 
ing based on a comparison of the number of 
paced beats and the number of unpaced beats 
occurring during a period of overdrive pacing 
and preferably the means for calculating is ar- 
ranged to determine a percentage of paced 
beats out of a total number of paced beats and 
unpaced beats; ■• 

1 5. A system as claimed in claim 1 2 in which the means 
lor varying the control values based on the actual 
degree of pacing includes: 

means for inputting a target value representa- 
tive of a target degree of pacing; 
means for comparing the actual degree of pac- 
ing with the target degree of pacing; and 
means for adjusting the overdrive pacing val- 
ues to reduce a difference, if any, between the 
actual degree of pacing and the target degree 
of pacing, and preferably wherein the control 
values representative of the overdrive pacing 
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characteristics include a pacing cycle length 
and a number of pacing pulses administered 
prior to a pacing cycle length extension; and 
wherein the means for generating overdrive 
pacing pulses includes: 5 

means for counting a number of pacing 
pulses; and 

means for increasing the pacing cycle 
length when a count of the number of pac- io 
ing pulses exceeds the parameter repre- 
sentative of the number of pacing pulses to 
be administered prior to a pacing cycle 
length extension, and preferably wherein 
the means for varying the control values in- '5 
eludes: 

means for increasing the number of 
pacing pulses to be administered prior 
to a pacing cycle length extension if 20 
the actual degree of pacing is less than 
the target degree of pacing; and 
means for decreasing the number of 
pacing pulses to be administered prior 
to a pacing cycle length extension if 25 
the actual degree of pacing is more 
than the target degree of pacing. 

1 6. An implantable cardiac stimulation device including 
means for determining an overdrive pacing rate; 30 

a pulse generator generating overdrive pacing 
pulses for applying to the heart at the overdrive 
pacing rate; and 

. means for detecting intrinsic heart beats arising 35 
during the overdrive pacing in which the means 
for determining an overdrive pacing rate are ar- 
ranged to increase the overdrive pacing rate by 
. a determined rate increment if at least two in- 
trinsic heart beats are detected within a first de- 
termined search period by the means for de- 
tecting intrinsic heart beats, and the means for 
determining an overdrive pacing rate are ar- 
ranged to decrease the overdrive pacing rate 
by a determined rate decrement if at least two *s 
intrinsic heart beats are not detected or alter- 
natively no intrinsic heart beats are detected 
within a second determined search period by 
the means for detecting intrinsic heart beats. 

50 
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